Trapping of microparticles and aerosols is of great interest for physics and chemistry.
invention of ion traps 26, 27 , as they have greatly influenced the future of modern physics and state of the art technology 6,22,28, 29 . Using a classical (hyperbolic) Paul trap geometry in vacuum, ordered structures of iron and aluminium microparticles with micron range diameter have been observed since the 1960s 30 . The particles repeatedly crystallized into a regular array and then melted owing to the dynamical equilibrium between the trapping potential and inter-particle Coulomb repulsion. In 1991 an experiment demonstrated the storage of macroscopic dust particles (anthracene) in a Paul trap 31 , as friction in air was proven to be an efficient mechanism to cool the microparticles. The mechanism is similar with cooling of ions in ultrahigh vacuum conditions owing to collisions with the buffer gas molecules 22 .
The dynamics of a charged microparticle in a Paul trap near Standard (Ambient) Temperature and Pressure conditions was studied by Izmailov 32 , using a Mathieu differential equation with damping term and stochastic source, under conditions of combined periodic parametric and random external excitation. Particle dynamics in nonlinear traps has also been investigated. It was found that ion motion is well described by the Duffing oscillator model with an additional nonlinear damping term 33, 34 . Regions of stable (chaos) and unstable dynamics were illustrated, as well as the occurrence of strange attractors and fractal properties for the associated dynamics.
The Paul trap proved to be a very powerful tool to look into the physics of few-body phase transition since its very beginning [35] [36] [37] . High-precision spectroscopy and mass spectrometry measurements with unprecedented accuracy 6,24,38-40 , quantum physics tests 23, 29 , precise control of quantum states 41, 42 , study of non-neutral plasmas 18, 21, 22, 25 , optical frequency standards [43] [44] [45] , quantum metrology and quantum information processing (QIP) 
II. MICROPARTICLES. INVESTIGATION METHODS
Microparticles can be found as atmospheric aerosols 51, 52 , astrophysical dusty plasmas 11, 17, 53, 54 or plasma membranes in case of biological cells and bacteria. Recent investigations have demonstrated a strong correlation between the presence of aerosols in the atmosphere and their effect on climate parameters such as local temperature, air quality and rainfalls, things directly related to the phenomenon of global warming and the quality of life 13, 52, 55 . Aerosol particles with diameter less than 10 µm enter the pulmonary bronchi, while those whose diameter is lower than 2.5 µm reach the pulmonary alveoli, a region where gas exchange takes place. When using the QIT as a electrodynamic balance to perform microparticle diagnosis, the frequency of the a.c. field applied to the trap electrodes is typically in the range of 1 kHz or less. Because of this low frequency, in order to achieve high mass measurement accuracy (better than 1 ppm) only one particle is analyzed at a time, over a time period ranging from seconds up to minutes.
Fluorophore labeled polystyrene microparticles (with dimensions ranging between 2 to 7 microns) have been trapped in vacuum, by means of three dimensional electrodynamic quadrupolar fields and probed using laser fluorescence spectroscopy and QIT-MS. Investigation of single particle emission spectra and of associated optical resonance signatures by using the Mie theory, supplies information regarding the particle size, shape and its refractive index 13 
III. MICROPARTICLE DYNAMICS. STRONGLY COUPLED COULOMB SYSTEMS
Dust particles experience a certain number of forces. The prevailing forces acting upon the micrometer sized particles of interest are the a.c. electric trapping field (whose outcome is the ponderomotive force caused by particle motion within a strongly nonlinear electric field) and gravity. The gravitational force can be expressed as
where g stands for the gravitational acceleration, m represents the dust mass, a is the dust particle radius and ρ d corresponds to the dust particle density. The electric field yields a force
where Q = Ze is the dust particle electric charge and e = 1.6 · 10 −19 C is the electron electric charge. When a temperature gradient is created within the neutral gas background, a force called thermophoretic drives the particles towards regions of lower gas temperature. Another force acting upon the particle is the ion drag force, owing to a directed ion flow 3, 17, 73 . To resume, the forces that act on an aerosol particle include the radiation pressure force, the thermophoretic force, the photophoretic force, electric forces, and possibly magnetic forces, in addition to aerodynamic drag and the force of gravity 3 . 
where 0 is the electric permittivity of free space, q stands for the ion charge, a W S is the Wigner-Seitz radius, k B denotes the Boltzmann constant and T is the particle temperature.
The Wigner-Seitz radius results from the relation 4 3 πa
where n is the ion (particle) density. 
where γ stands for the drag parameter, β is the a.c. field strength parameter and σ represents a d.c. offset parameter, defined as
where
C 0 and C 1 are two geometrical constants (C 0 < 1) and b = z 0 C 0 /C 1 . For a negative charged particle, the right hand term of Eq. III is a positive quantity. When the d.c. potential is adjusted to compensate the external vertical forces, V dc = V * dc , σ = 0 and the particle experiences stable confinement. Other relevant quantities are the gas viscosity coefficient µ, the particle diameter d p , the particle mass m, while b represents the geometrical constant of the electrodynamic balance. 
IV. EXPERIMENTAL SETUP
where V ac is the amplitude of the radiofrequency field and n is the number of poles (for example n = 2 for a quadrupole trap, n = 4 for an octupole trap and n = 6 for a 12-pole trap). The larger the value of n, the flatter the potential created within the trap centre and the steeper the potential close to the trap electrodes.
Further on we will review some of the most important milestones that describe experiments with microparticles in quadrupole traps and experiments with multipole traps, in an attempt to describe current status in the field. An electrodynamic trap, used for investigating charging processes of a single grain under controlled laboratory conditions was proposed in 78 . A linear cylindrical quadrupole trap was used, where every electrode was split in half in order to achieve a harmonic trapping potential and thus perform precise measurements on the specific charge-to-mass ratio. The secular frequency of the grain was measured in order to determine the charge to mass ratio, a method previously applied in case of microparticles 64 . In the paper of Vasilyak 73 and co-workers, mathematical simulations were used to investigate a dust particle's behavior in a Microparticle Electrodynamic
Ion Trap (MEIT) with quadrupole geometry. Regions of stable confinement of a single particle are reported, in dependence of frequency and charge-to-mass ratio. 83 .
A recent paper on electrodynamic traps and the physics associated to them 16 studies ring electrode geometry and quadrupole linear trap geometry centimeter sized traps, as tools for physics teaching labs and lecture demonstrations. The authors introduce a viscous damping force to characterize the motion of particles confined in MEITs operating in air.
For the microparticle species used, the authors show that Stokes damping describes well the mechanism of particle damping in air. The secular force in the one-dimensional case is inferred. Nonlinear dynamics is also observed, as such mesoscopic systems are excellent tools to perform integrability studies and investigate quantum chaos.
Investigations on higher pole traps intended to be used for frequency standards based on second system consists of a laser diode whose beam is directed parallel to the trap axis, as one of the endcap electrodes is pierced.
FIG. 4. Photos of the 8-electrode and 12-electrode linear Paul trap geometries
If the a.c. potential is not too high (usually less than 3 kV), stable oscillation will occur until the d.c. potential is adjusted to balance vertical forces such as gravity. When such condition is achieved, the oscillation amplitude becomes vanishingly small and the particle experiences stable trapping 55 . The traps under test are fitted to study complex Coulomb systems (microplasmas) confined in multipole dynamic traps operating in air, at SATP conditions. The paper brings new evidence on microparticle trapping, while it demonstrates 
V. RESULTS
We have investigated different linear multipole electrodynamic trap geometries operating in air, under SATP conditions. We have focused on an 8-electrode and a 12-electrode trap geometry respectively, intended for charged microparticle confinement and for illustrating the appearance of planar and volume structures for these microplasmas. Microparticles are radially confined due to the a.c. trapping voltage V ac , which we set at a value of 2.5 kV.
The microplasmas can be shifted both axially and vertically, using two d.c. voltages: U x and U z . The geometry of the 8-electrode trap has proven to be very critical, different radii have been tested and the trap has gone through intensive tests with an aim to optimize it.
It presents a sensibly higher degree of instability compared to the 12-electrode geometry.
The 12-electrode (pole) trap has been studied more intensively as particle dynamics is more stable for such geometry. We have loaded the traps with microparticles by means of a miniature screwdriver. The peak of the screwdriver is inserted into the alumina powder.
When touching the screwdriver to one of the trap electrodes, the particles are instantly charged and a small part of them are confined, depending on their energy and phase of the a.c. trapping field. Thus a trapped particle microplasma results (very similar to a dusty plasma, which is of great interest for astrophysics), consisting of tens up to hundreds of particles. Such a setup would be suited in order to study and illustrate particle dynamics in electromagnetic fields, as well as the appearance of ordered structures, crystal like formations.
Practically, stable confinement has been achieved especially in the 12-electrode (pole) trap, as we have observed thread-like formations (strings) and especially 2D (some of them zig-zag) and 3D structures of microplasmas. The stable structures observed have the tendency of aligning with respect to the z component of the radial field. The ordered formations
were not located along the trap axis, but rather in the vicinity of the electrodes. The laser diode has been shifted away from the initial position (along the trap axis), towards outer regions of the trap. We report stable confinement for hours and even days. Laminary air flows within the trap volume break an equilibrium which might be described as somehow fragile and some of the particles can get lost at the electrodes. Nevertheless, we have also tested the trap under conditions of intense air flows and we have observed that most of the particles remain trapped, even if they rearrange themselves after being subject to intense and repeated perturbations. When a transparent plastic box was used in order to shield the trap, a sensible increase in the dynamical stability of the particle motion has been achieved.
In Fig. 8 we present a few pictures which illustrate the stable structures we have been able to observe and photograph. All photos were taken with a high sensitivity digital camera, using the halogen lamp in order to illuminate the trap. Pictures taken using the laser diode were less clear due to reflection of light on the trap electrodes and this is the reason why they are not included. We report filiform structures consisting of large number of microparticles far from the trap center, where the trapping potential is extremely weak.
This leads to the conclusion that microparticle weight is not balanced by the trapping field We can ascertain that the multipolar trap geometries investigated, and especially the linear 12-electrode Paul trap, exhibit an extended region where the trapping field almost vanishes.
The amplitude of the field rises abruptly when approaching the trap electrodes, which leads to stable trapping along with the occurrence of planar and volume structures in a layer of about a few millimeters thick, which practically spans the inner electrode space. We also report particle oscillations around equilibrium positions, where gravity is balanced by the trapping potential. Close to the trap center particles are almost frozen, which means they can be considered motionless due to the very low amplitude of their oscillation. The oscillation amplitude increases as one moves away from the trap center. We also report regions of dynamical stability for trapped charged microparticles located far away from the center of the trap, as shown in Fig. 8 . The values of the specific charge ratios for the alumina microparticles range from 5.4 × 10 −4 C/kg to 0.13 × 10 −3 C/kg 64 . The measured microparticle density is around 3700 kg/m 3 .
The experimental results we report deal with trapping of microparticles in multipole linear ion (Paul) traps (LIT) operating in air, under Standard Ambient Temperature and Pressure (SATP) conditions. We suggest such traps can be used to levitate and study different microscopic particles, aerosols and other constituents or polluting agents which might exist in the atmosphere. The research performed is based on previous results and experience 64, 81, 83, [91] [92] [93] . Moreover, the paper brings new evidence with respect to recent work of the authors 73 . Numerical simulations were run in order to characterize microparticle dynamics.
VI. PHYSICAL MODELLING AND COMPUTER SIMULATION
In addition to experimental work, numerical simulation of charged particle dynamics was carried out, under conditions close to the experiment. Brownian dynamics has been used in order to study charged microparticle motion and thus identify regions of stable trapping.
Numerical simulations take into account stochastic forces of random collisions with neutral particles, viscosity of the gas medium, regular forces produced by the a.c. trapping voltage and the gravitational force. Thus, microparticle dynamics is characterized by a stochastic Langevin differential equation 73, 93 :
where m and r p represent the microparticle mass and radius vector, η is the dynamic viscosity of the gas medium with η = 18.2 µPa·s, and F t (r) is the ponderomotive force. The F b term stands for the stochastic delta-correlated forces accounting for stochastic collisions with neutral particles, while F g is the gravitational force. We have considered a microparticle mass density value ρ p = 3700 kg/cm 3 64, 83 . In order to solve the stochastic differential equation (9), the numerical method developed in 94 was used.
The average Coulomb force acting on a microparticle owing to the contribution of each trap electrode can be expressed as the vector sum of forces of point-like charges uniformly distributed along the electrodes, as demonstrated 73, 81 :
where L is the length of the trap electrodes, U is the trapping voltage: V ac sin(Ωt) or 
The cross sections of the equipotential surfaces for the 8-electrode and 12-electrode linear trap are shown in Fig. 9 . The equation which characterizes the trap potential can be expressed as:
We found that regions of stable microparticle confinement depend on the a.c. voltage, trap volume, number of trapped microparticles, average interparticle distance and consequently, on the repulsive forces produced by interparticle interactions defined by the particle charge q. To further minimize the influence of these physical factors, we used a higher value of the a.c. trapping voltage electrode V ac = 2 kV. In such case, the electric charge of the captured particles will be lower and results of the simulations will be more or less universal.
In Fig. 9 hills correspond to potential barriers and pits correspond to potential wells that attract microparticles. White holes inside the hills correspond to the cross section of the trap electrodes. Every half cycle of the a.c. voltage barriers and wells swap positions and each charged particle oscillates between them. Such a physical mechanism of particle oscillation results in dynamic, stable confinement 27 . microparticle radius r p = 5 µm and electrical charge ranging between q = 3 · 10 4 e to 5 · 10 11 e.
Vertical lines 1 -4 correspond to electric charge values q = 6, 8, 10, 12 · 10 4 e we have considered in order to estimate oscillation amplitudes within the trap.
To study the influence of the number of trap electrodes on the stability of alumina (dust) particles, we have investigated the average amplitude of particle oscillations. We considered the dynamics of a number of 20 microparticles confined within the trap while averaging the amplitudes of particle oscillations. To achieve that, we have chosen a period of time large enough (around ten periods of the a.c. trapping voltage) as to obtain stable particle The dependence between particle oscillation amplitude and the number of trap electrodes is shown in Fig. 12 . Such dependence is complex as it also depends on the particle charge.
The physical reason explaining non-monotonic decay of some dependences on frequency and break in Fig. 12 a) for an 8-electrode trap, might be associated with the occurrence of resonance effects. For example, in an 8-electrode trap a resonance effect is found at ∼ 80÷100 Hz, for particles with an electric charge value of about q = 8 · 10 4 e. In such case the particles are pushed out of the trap, despite of the fact that all parameters are characteristic to the confinement region (Fig. 10) . As it follows from Fig. 10 for fixed particle charge values, the dependence of the averaged oscillation amplitude on the frequency in Fig. 12 a) is beyond the confinement region when the frequency reaches a value of 120 Hz. Other pictures in 
VII. CONCLUSIONS
The 
